Dressed-atom multiphoton analysis of anomalous electromagnetically induced 

absorption 



O 

in 






> 

oo 

o 

(N 

l> 

O 
O 



X 



Hsiang-Shun Chou^'^ and Jorg Evers^ 

^ Max-Planck-Institut fur Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 
'^Institute of Optoelectronic Sciences, National Taiwan Ocean University, Keelung, Taiwan 202, R. O. 

(Dated: July 16, 2010) 

A method to interpret probe spectra of driven degenerate atomic systems is discussed. The 
dressed-atom multiphoton spectroscopy (DAMS) is based on a dressing of the atomic system with 
the strong coupling field, followed by a perturbative treatment of the probe field interaction. As 
example, we apply the DAMS to provide a clear interpretation for anomalous electromagnetically 
induced absorption (El A), which cannot be explained by spontaneous transfer of coherence. We show 
that anomalous EIA arises from quantum interference between competing two-photon transitions, 
and explain the different dependences on the coupling field strength observed for various angular 
momentum setups. 
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One of the primary tools to study atomic systems is 
the measurement of probe spectra. Im particular, co- 
herently laser-driven atomic systems offer a multitude 
of fascinating features when studied with a weak probe 
field. Driven degenerate systems exhibit large nonlinear- 
ities and rich quantum interference effects. Therefore, 
theoretical methods which carefully account for the non- 
linear response and quantum interference are required 
to analyze and explain the dynamics of driven degener- 
ate systems. Among the most important coherence ef- 
fects revealed by this type of spcctroscopyare electro- 
magnetically induced transparency (EIT) [l|-|3| and the 
related electromagnetically induced absorption (EIA) [2- 
|l9|. EIA is a quantum optical effect that leads to a sub- 
stantial enhancement of the absorption rate of a probe 
field by the presence of a coupling field. In the following, 
we will use it as prominent example for an as-yet un- 
explained nonlinear feature of driven degenerate atomic 
systems, and will explain its origin using the main result 
of this work, a dressed-atom multiphoton approach to 
atomic spectroscopy. 

Based on experimental results and numerical calcula- 
tions, the authors of Ref. 5] concluded that EIA occurs 
in a degenerate two-level system provided that three re- 
quirements are satisfied: (i) F^ —Fg+l{Fg and F^ are the 
total angular momentum of the ground and excited levels, 
respectively); (ii) transition g ^ e must be closed; (iii) 
Fg > 0. Later, it was argued [13| that EIA is caused by 
the transfer of coherence (TOG) between the excited and 
ground levels via spontaneous decay. Experimental evi- 
dence in support of the argument presented in Ref. [IJ] is 
provided by demonstrating that EIA resonances are sup- 
pressed (and even reversed) if the coherence of the excited 
state is significantly destroyed by collisions before the oc- 
currence of the spontaneous decay 11 4| . The experimental 
conditions for EIA were rationalized by Goren et. al. [15J , 
who showed that TOG can only take place for systems 
where the population is not trapped in the ground level. 



i.e., for systems with Fe = Fg + l. But surprisingly, in a 
recent experiment, EIA violating conditions (i) and (ii) 
were observed in several transitions of the Rb Di line 
with Fe — Fg ~ 1 and Fe = Fg [1^ . In the following, we 
call this type of EIA anomalous EIA. 

Motivated by the lack of explanation of this experi- 
mental result, in this Letter, we propose a method to 
interpret probe absorption spectra based on a perturba- 
tive expansion in a suitable dressed state picture of the 
system. As example, we show that this dressed-atom 
multiphoton spectroscopy (DAMS) provides a straight- 
forward interpretation for the anomalous EIA in degen- 
erate two- level systems. More generally, we are inter- 
ested in the absorption spectrum of a weak probe field 
through atoms irradiated by an intense coupling field. In 
the DAMS, the coupled system "atoms-|-coupling pho- 
tons" is described by the dressed-state wave functions 
which describe the coupling field to all orders. The in- 
teraction between atoms and the probe field is treated in 
perturbation theory. We show that the different features 
of the probe spectrum can easily be attributed to differ- 
ent classes of multiphoton transitions between bare and 
dressed states. As an advantage of our approach, quan- 
tum interferences among competing multiphoton path- 
ways naturally arise in DAMS, enabling one to explain 
the occurrence of features with sub-natural line widths. 

In the experiment of Kim et. al. 18|,|20|, the probe and 
the coupling beams were prepared in perpendicular linear 
polarizations, and the frequency of the coupling laser was 
locked to the atomic frequency w. A schematic represen- 
tation of anomalous EIA in systems with Fe — Fg — 1 is 
depicted in Fig. [TJa). At low coupling intensity, an EIA 
peak (peak 3 in Fig. [Ija)) was observed within an ab- 
sorption dip. At intermediate coupling intensity, the EIA 
peak broke up into two peaks (peaks 4 and 5 in Fig.[lja)) 
with a narrow dip between them. At high coupling in- 
tensity, the dip became broader and deeper (curve (iii) in 
Fig. [Ha)). A schematic figure for the anomalous EIA in 
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FIG. 1: (Color online) A schematic depiction for the measured 
spectra exhibiting anomalous EIA in systems with (a) Fe = 
Fg-1 and (b) Fe = Fg = l (see FIGs. 4 and 5 of Ref. Q^). The 
curves show (i) low, (ii) intermediate, and (iii) high coupling 
field intensity. At low intensity, in both cases an EIA peak is 
observed within an absorption dip. Increasing the intensity, 
the EIA peak breaks up in (a), but not in (b). Here cu is the 
atomic frequency. 



systems with Fg = Fg = 1 is depicted in Fig. [IJb). Here, 
an anomalous EIA peak was observed within an absorp- 
tion dip. But in contrast to the previous case, the EIA 
peak did not break up into two peaks at intermediate and 
high coupling intensities. Further measurements showed 
that in the transitions Fg — Fe = 2 and Fg = Fe = 3, 
the EIA peak broke up again at intermediate coupling 
intensity. 

Density matrix calculations including TOC have been 
performed to first order in the probe field [l9|. The 
calculations describe successfully the normal EIA with 
Fe = Fg + l, but did not predict anomalous EIA with 
Fe = Fg — 1 and F^ = Fg. This suggests that anomalous 
EIA may be due to higher-order processes. 

We now explain DAMS, and demonstrate that it pro- 
vides a straightforward interpretation for all observed 
features of anomalous EIA. In the frame whose z axis 
is along the direction of the coupling polarization, the 
coupling field is tt polarized, whereas the probe polariza- 
tion has (7^ and a~ components. In the first step, we 
describe the coupled system "atoms-|-coupling photons" 
by the dressed-state wave functions 

\mF+,n) = —^ [e^'"^\mF,n+ 1) + \mF',n)) , (la) 

\mF~-,n) — —j= (|mi?,n + 1) — c^'^Jtof', ",)) , (lb) 
v2 
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FIG. 2: (Color online) Energy level diagram for systems with 
Fe = Fg — 1 = 1. (a) Bare-atom picture. Solid red and dashed 
green arrows indicate the coupling and probe excitations, re- 
spectively. The solid circles indicate the population distribu- 
tions without probe field; the atom is trapped in the states 
|2) and | — 2). (b) Dressed-atom picture. The dotted lines in- 
dicate the unperturbed energy levels, solid circles indicate the 
population distributions without probe field. Encircled num- 
bers label the relevant transitions induced by the probe field. 
Transitions 1-4 are one-photon bare-to-dressed transitions, 5- 
8 are two-photon bare-to-dressed transitions, (c) Two-photon 
excitations between the bare state |2, n+ 1) and the dressed 
states |0±,n -I- 2) . Dotted lines indicate the unperturbed 
energy levels, and solid circles the intermediate states. 



where ruF' = ttif and n refers to the number of coupling 
photons present. In Eqs. ([1]), (/) is the phase of the dipole 
matrix element gi given by 
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Here, d is the dipole moment operator and ic is the 
coupling field polarization. We use the abbreviation 
\i) = \mF — i) and \i') = \mF' — i)- The pair of dressed 
states are separated by an energy spacing Mli, where 
iii = 2|5i|-v/« is the Rabi frequency. 

In the second step, we use perturbation theory to treat 



the probe field. We start by discussing transitions with 
Ff, = Fg — 1. As a typical example, we study the tran- 
sition 5'^SiFg = 2 -> 5'^PiFe = 1. In Fig. HJa), we show 
the excitation diagram in the bare-atom picture. The 
solid circles indicate the population distributions with- 
out probe field. In the present case, the populations are 
trapped in the states |2) and |— 2). In Fig. [UJb), we 
show the excitation diagram in the dressed-atom picture. 
We find that the first class of relevant processes are one- 
photon transitions from a bare to a dressed state (IBD). 
These are the transitions \2,n + 1) —>■ |l±,n -|- 1) and 
I — 2, n + 1) -^ I — 1±, n + 1) indicated by arrows 1 to 
4 in Fig.[2l[b). Due to the population distribution, these 
processes lead to two absorption peaks at Wp = u;± J7i/2, 
which are clearly visible as peaks 1 and 2 in Fig.[lja). All 
other processes are of higher order, and the next relevant 
class are two-photon bare-to-dressed transitions (2BD). 
These are the transitions \2,n + 1) ^ |0±,n + 2) and 
I — 2, n -I- 1) — ?► |0±,n + 2) shown as arrows 5 to 8 in 
Fig-El^b). The two 2BD transitions 5 and 6 are shown in 
more detail in Fig. [2jc) . There are two competing tran- 
sitions, which differ in the intermediate states, between 
a given initial and final states. The relevant intermedi- 
ate states are indicated by the circles in Fig. [2jc) . For 
example, transitions 6a and 6b at ojp = cj — ilo/4 take 
place between |2,n-|-l) and |0— ,n + 2). The intermediate 
states for these transitions are |1— ,n-f 1) and |l+,ri + l), 
respectively. Their transition amplitudes evaluate to 

y(i) ^ (0-,n + 2|F|l-,n + l)(l-,n + l|T/|2,n + l) 
E{l-,n + 1) - E{2, n + l)-h{u- ^) 



(a) 



V2exp(-2z,/))(0'|V^|l)(l'|V^|2) 



-h{2Q.i - VLq) 
j.(2) ^ (0-, n + 2|F|1+, n + 1)(1+, n + 1|V^|2, n + 1) 
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where V is the interaction Hamiltonian due to the probe 
field. The two-photon absorption rates are substantially 
enhanced since the probe field is nearly resonant with the 
intermediate states. Moreover, it is interesting to see that 
T^^) and T*^^^ have the same phase, which means that 
constructive interference takes place. A similar analysis 
shows that constructive interference also occurs between 
transitions 5a and 5b at Wp = w -I- r2o/4. The resonant 
enhancement together with the constructive quantum in- 
terference increase the two-photon absorption rates sub- 
stantially, such that the two-photon absorptions become 
relevant in the driven degenerate atomic systems as the 
EIA peaks 3-7 in Fig.[lja). Finally, we analyze the depen- 
dence of the EIA peak on the coupling intensity. At low 
coupling intensity (J7o < r)i the two absorption peaks 
overlap at the line center and produce a two-photon EIA 
peak (peak 3 in Fig.[IJa)) within the one-photon absorp- 
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FIG. 3: (Color online) (a) Bare-atom level scheme for systems 
with FE = Fg = l. Solid red and dashed green arrows indicate 
the coupling and probe excitations, respectively. The tran- 
sition |0) — )■ |0') is forbidden. The solid circle indicates the 
population distribution without probe field; the population is 
trapped in |0). (b) The corresponding scheme in the dressed- 
atom picture. The dotted lines indicate the unperturbed en- 
ergy levels. The arrows indicate the relevant probe field ex- 
citations. Channels 1-4 are one-photon bare-to-dressed tran- 
sitions, while channels 5 and 6 are two-photon bare-to-bare 
transitions. 



tion dip. The separation of the two peaks increases with 
the coupling intensity. At intermediate coupling intensity 
(ilo ~ r)i the EIA peak breaks up into two peaks (peaks 
4 and 5 in Fig. [ija)) with a narrow dip between them. 
At high coupling intensity (JIq > F), the dip broadens 
and deepens (curve (in) in Fig. [TJa)). We predict that 
the EIA peak breaks up into four absorption peaks as the 
coupling intensity increases, in the case that the polariza- 
tions of the coupling and the probe fields are not perpen- 
dicular. This is due to the fact that the 2BD transitions 
\2,n + l) ^- |l±,n-h2) and |-2,n-hl) ^- |-l±,n-h2), 
which are induced by the tt component of the probe field, 
give rise to additional absorption peaks at ujp = uj±^i/A. 
We now proceed with our analysis in transitions with 
Fe — Fg. First, we study the transition 5'^SiFg = 1 — > 
d^PiFe = 1. The excitation diagram in the bare-atom 
picture is shown in Fig. ^a). The transition |0) -^ |0') 
is forbidden. As a result, the population is trapped in 
|0). The excitation diagram in the dressed-atom picture 
is shown in Fig. IH^b). Again, the leading order processes 
are one-photon bare-dressed (IBD) transitions, namely 
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FIG. 4: (Color online) Dressed-atom representation for sys- 



tems with Fe 
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2. The dotted lines indicate the un- 



perturbed energy levels. The solid circles indicate the pop- 
ulation distribution without probe field. The arrows indi- 
cate the relevant multiphoton transitions. Channels 1 and 
2 are two-photon bare-to-bare transitions, and channels 3-6 
are two-photon bare-to-dressed transitions. The one-photon 
transitions are omitted for clarity. 



|0,n + l) ^ I - l±,n + l) and |0,n+l) -^ |l±,7i + l), 
indicated as arrows 1-4 in Fig. ^h). These transitions 
lead to two absorption peaks at Wp = a; ± fli/2, shown 
as peaks 1 and 2 in Fig. [TJb). But in contrast to the 
previous case, it turns that the anomalous EIA can be 
attributed to two-photon transitions between bare states 
(2BB) |0, n + 1) ^ |0',n + 2) at ujp = uj, indicated as 
arrows 5 and 6 in Fig. [3Jb). There are four competing 
2BB transitions, which differ in the intermediate states 
|-l-,n + l), |-l+,n + l), |l-,n + l),or \l+,n + l). It 
is straightforward to show that the competing transitions 
have the same transition amplitude. The phases of the 
transition amplitudes indicate that constructive interfer- 
ence enhances the two-photon absorption rate, giving rise 
to a two-photon EIA peak shown as peak 3 in Fig. [TJb). 

The crucial difference to the previous case is now that 
there is only one absorption frequency in the 2BB pro- 
cesses, since the bare states are unaffected by the applied 
coupling field. Even at high coupling intensity, the EIA 
peak does not break up into two peaks as it did in the pre- 
vious case. Thus, the DAMS naturally explains the dif- 
ference between anomalous EIA in degenerate two-level 
systems with different angular momentum setups. 

We continue to explore the transition 5'^SiFg = 2 — > 
b^Pi F„ — 2. The excitation diagram in the dressed-atom 
picture is shown in Fig. |41 The discussions follow similar 
lines as those for the systems with F,. = Fg = 1. Extra 
absorption peaks, which are due to two-photon bare-to- 
dressed (2BD) transitions |0, n -I- 1) — >• | — 2±, n-\-2) and 
|0, n -I- 1) — >■ |2±, n + 2) shown as arrows 3 to 6 in Fig. |4l 
occur at Wp = w ± £72/4. In contrast to the two previous 
cases, these transitions occur at three different frequen- 
cies, namely uip = lo and uip = C(;±ri2/4. At low coupling 



intensity, these peaks nearly overlap, and gives rise to a 
single two-photon EIA peak. As the coupling intensity 
increases, the EIA peak breaks up into three peaks with 
narrow dips among them. At high coupling intensity, the 
dips become broader and deeper. We predict that the 
EIA peak breaks up into three and five absorption peaks 
for the systems with Ff, ^ Fg ^ 1 and F^ — Fg — 2 re- 
spectively, in the case that the polarizations of the cou- 
pling and the probe fields are not perpendicular. This 
is due to the fact that the two-photon BD transitions 
|0, n + 1) -^ \l±,n + 2) and |0, n -I- 1) -^ | - 1±, n -^ 2) 
give rise to additional absorption peaks at cUp — cuztfli/i. 

In summary, we have discussed a method to interpret 
probe absorption spectra, which we term dressed-atom 
multiphoton spectroscopy. It is based on a representa- 
tion of the atomic system in a dressed-atom picture with 
respect to the coupling field, followed by a perturbative 
analysis of the probe field. Using DAMS, the different 
multiphoton transitions can be classified into n-photon 
bare-to-bare and bare-to-dressed state transitions. As ex- 
ample, we have applied DAMS to the example of anoma- 
lous EIA. We have demonstrated that our method pro- 
vides a straightforward interpretation of anomalous EIA, 
explaining the various features observed in transitions 
with different angular momentum configurations. The 
strong absorption follows from constructive interference 
among competing multiphoton transitions. The DAMS 
can readily be applied to shed new light on higher-order 
processes in other probe spectroscopy setups. 
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